Introduction
============

First-generation (E1 deleted) adenovirus vectors (FG AdVs), which lack the E1 and E3 regions, are popularly used in basic studies to elucidate gene functions, and have been employed for gene therapy.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ Because the DNA fragments of up to about 7 kilobases (kb) in total can be inserted into the AdV genome, the AdVs are frequently used to produce two proteins simultaneously from two independent transgenes expressing both the target gene and the reporter gene, for example. In the studies using the cultured cells and in the animal experiments, the GFP and luciferase are used as the reporters. Recently, positron emission tomography has clinically been used in patients for diagnoses and in experimental animal models. Therefore, the AdVs containing both the therapeutic gene and the positron emission tomography reporter gene would be valuable in the gene therapy fields, because the therapeutic effects, the vector duration and distribution can simultaneously be monitored.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ Probably one would wish for high-titer AdVs with the highest expression for the therapeutic gene and with the second highest for the reporter gene not causing any trouble, if the insertion sites and orientations in the AdV genome can be chosen. However, the titers and the expression levels of the AdVs may considerably be influenced by the sites and orientations of the transgenes. Such information may be very valuable for construction of the best vector, especially in the vector containing both the therapeutic gene and the reporter gene.

The simultaneous expression of two genes could be achieved by inserting the two genes into the E1 site under the control of a single prompter using the internal ribosomal entry sites or using porcine teschovirus-1 2A.^[@bib9],\ [@bib10]^ In the former approach, the expression of the second gene might be influenced by the sequences between internal ribosomal entry sites and its initiation codon, and in the latter, the manipulation is necessary to remove the stop codon of the first gene and to adjust the frames of the two genes. When two genes driven by the independent promoters are inserted into the E1 site, they might interfere with each other. However, when two independent expression units are inserted in different sites in the AdV genome, no interference occurs. Moreover, the advantage of this approach is that the main target gene can easily be changed using the AdV cassette that already contains the reporter gene.

There are three insertion sites and two orientations: a transgene can be inserted into the AdV genome by substitution of the E1 or E3 gene and by simple insertion at a position upstream of the E4 gene. Therefore, there are six different possible sites/orientations for any given transgene. Moreover, not only the potent promoters such as EF1α but also tissue-specific promoters such as α-fetoprotein (AFP) can also be employed. Although the studies examining which sites/orientations are superior to others are practically important, they have been very limited^[@bib11],\ [@bib12]^ and systematic analyses have not been reported so far.

As it is known that the expression level of a transgene varies considerably depending on the site in the cell chromosome of the human genome, the phenomenon is called the 'position effect\'.^[@bib13],\ [@bib14]^ Although CG-methylation in the cell chromosome is clearly one reason, it is not observed in the AdV genome. Therefore, it would be of interest to examine whether the 'position effect\' might also be observed similarly in the AdV genome for the potent promoter and for the tissue-specific promoter.

FG AdVs retain almost all viral genes. They are normally not expressed in the target cells, because E1A protein, the essential transactivator for expression of all other viral genes, is not present. However, there is one report of splicing of aberrant mRNAs from the inserted foreign genes to a viral gene.^[@bib15]^ In this case, the aberrant mRNAs are transcribed by strong foreign promoters and produce transgene-viral gene fusion proteins, which elicit strong immune responses. However, it is not known whether the production of the aberrant gene product between the inserted transgene and viral gene is rare or not.

In this study, we examined the AdV titers and expression levels of an identical transgene inserted at the E1, E3 and E4 sites. We used three transgenes, namely, GFP, LacZ and Cre, and two promoters, namely, the potent EF1α promoter and the cancer-specific AFP promoter, and attempted to construct AdVs using all combinations, that is, 18 AdVs, and succeeded in constructing 17 of them. We found that insertion at the E1 and E4 sites yielded mostly high titers, whereas the one at the E3 yielded variable titers. Surprisingly, four aberrantly spliced mRNAs between the transgenes and viral genes were found in the vector obtained by insertion at the E3 site, which was probably the reason for the very low titers. As for the expression levels, clear differences were observed among the vectors obtained with insertion at the E1, E3 and E4 sites despite using the identical transgene, indicating that the position effect was certainly present for the AdV genome and that aberrant splicing may, at least in part, explain this effect. We also propose a strategy to avoid generation of the aberrantly spliced mRNAs.

Results
=======

The vector titers were significantly influenced by the insertion sites and orientations of the transgene
--------------------------------------------------------------------------------------------------------

We first examined whether the vector titers were influenced by the site/orientations of the transgenes containing a potent EF1α promoter. Towards this end, we attempted to construct six GFP-expressing (EF-GFP) and six LacZ-expressing (EF-LacZ) vectors in all possible combinations, that is, the E1, E3 and E4 insertion sites and the two orientations ([Figure 1](#fig1){ref-type="fig"}), and measured the vector titers ([Figure 2a](#fig2){ref-type="fig"}) (hereinafter, the vectors will be designated as per the following; the vectors containing the GFP gene and LacZ gene at the E1 insertion site and in the left orientation shall be denoted as G-E1L and Z-E1L vectors, respectively). Among the GFP-expressing vectors, high titers were obtained for G-E1L, G-E3L, G-E4L and G-E4R vectors ([Figure 2a](#fig2){ref-type="fig"}, bars 1, 3, 5 and 6), while the titer for the G-E1R vector was lower (bar 2). Notably, the G-E3R vector, that is, vector with the GFP transgene inserted in the E3 site in the rightward orientation, could not be obtained despite three independent attempts (bar 4, denote ' × \'). Therefore, although exactly the same EF1α-GFP expression unit was inserted in these vectors, the sites and orientations exerted considerable influence on the vector titers and even determined whether the vector was available or not. Similar results were obtained for vectors expressing LacZ: the titers of the Z-E1L, Z-E4L and Z-E4R vectors (bars 7, 11 and 12) were high, and that of the Z-E1R vector was also low (bar 8). However, the results of insertion at the E3 site differed for GFP and LacZ. The titer ratio of Z-E3L was significantly lower than that of G-E3L (compare bars 3 and 9, described later), and the Z-E3R vector was available, although its titer was extremely low (bar 10). Therefore, the GFP gene and LacZ gene themselves influenced the vector titers.

Then, we constructed six vectors containing the AFP promoter and Cre gene (AFP-Cre) and measured their titers ([Figure 2b](#fig2){ref-type="fig"}). Although these vectors contained the AFP promoter and Cre gene, this transgene unit served as a nonfunctional DNA, because the AFP promoter, which is hepatocarcinoma-cell-specific, is not active in the 293 cells. The titers of the all six vectors were very similar ([Figure 2b](#fig2){ref-type="fig"}). Thus, the site/orientation does not always influence the vector titers, and it appeared that there may be some specific reasons why the titers were low for vectors containing the EF1α promoter expressing the GFP and LacZ genes.

Aberrant chimera mRNAs were produced in the vectors containing the expression unit at the E3 site
-------------------------------------------------------------------------------------------------

The E3 transgene is present within the large intron from the major late promoter (MLP) to the fiber gene ([Figure 3a](#fig3){ref-type="fig"}, except the first). We previously reported an aberrant splicing from a cryptic donor site present in the LacZ gene to the viral pIX acceptor site, which produces a LacZ-pIX fusion protein.^[@bib15]^ Therefore, we speculated that similar aberrant splicing might occur for the LacZ gene inserted at the E3 site.

Total RNA was prepared from the 293 cells infected with the E3R vector and reverse-transcribed to detect such aberrantly spliced mRNA spanning from the LacZ cryptic donor site to the possible fiber acceptor site, which is the only acceptor site present downstream of the LacZ donor site. In fact, we identified an aberrant mRNA spliced from this LacZ donor to the fiber acceptor ([Figure 3a](#fig3){ref-type="fig"}, second; [Figure 3b](#fig3){ref-type="fig"}, 0.7-kb band). The splicing donor site in the LacZ gene was identical to that of the reported LacZ gene inserted at E1 site to the viral pIX acceptor site, and the fiber acceptor site was the same as that normally spliced from the MLP donor site ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This is quite abnormal because, in general, splicing occurs between only specific donor and acceptor sites, suggesting that an inserted transgene could disturb normal splicing.

We also examined whether any other aberrantly spliced mRNA upstream of the transgene was present or not. Surprisingly, we also detected an abnormal mRNA spliced from the donor site of the third exon of the viral MLP to the acceptor site of the second exon of the EF1α promoter ([Figure 3a](#fig3){ref-type="fig"}, third; [Figure 3b](#fig3){ref-type="fig"}, 1.2-kb band; the junction sequence is shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). These results mean that the normal splicing from the MLP donor to the fiber acceptor are doubly competed with aberrant splicing from the MLP donor to the EF1α acceptor and from LacZ donor to the fiber acceptor. We confirmed that these LacZ-fiber and MLP-EF aberrant mRNAs observed for the Z-E3R vector were not detected for the Z-E3L ([Figure 3c](#fig3){ref-type="fig"}, first and second rows).

We further examined whether such abnormal chimera mRNA was present for the Z-E3L vector of the opposite orientation. Actually, we detected two chimera mRNAs using the same PCR analysis; a viral E4 donor was spliced to the EF1α acceptor, and the cryptic LacZ donor was spliced to a viral E2A acceptor ([Figure 3a](#fig3){ref-type="fig"}, fourth and fifth; [Figure 3c](#fig3){ref-type="fig"}, third and fourth rows. They were not detected for Z-E3R). The EF1α acceptor and LacZ donor were the same as those found in the E3L vector, and the sequences of the viral donor and the acceptor were identical to those found in the wild-type adenovirus, although the combinations were abnormal ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Then, we measured the amounts of fiber mRNA for the Z-E3R vector (very low titer) and compared them with those for the Z-E1L vector (high titer) and Z-E3L vector (medium titer) by conventional PCR and quantitative PCR (qPCR). These PCR and qPCR primers were designed to detect specifically the normal MLP-fiber mRNA, but not the aberrant mRNA, because they are prepared at the sequence junction: the forward and reverse primers are located in the MLP and fiber, respectively. The cDNAs from the 293 cells infected with Z-E1L, Z-E3L or Z-E3R were diluted from 10^0^ to 10^−3^ before PCR (shown as '0\' to '−3\' in [Figure 4a](#fig4){ref-type="fig"}) for semi-quantitative detection ([Figure 4a](#fig4){ref-type="fig"}). The level of normal fiber mRNA of Z-E3L (middle titer) was lower and that of Z-E3R (very low titer) was much lower than that of Z-E1L (high titer), that is, the fiber mRNA levels and titers were well correlated. Notably, the amount of fiber mRNA of the Z-E3R vector was only 2% of that for the Z-E1L vector ([Figure 4b](#fig4){ref-type="fig"}, E3R). This may probably explain why the titer of Z-E3R was very low.

The expression of the E1 transgenes was higher than that of the E3 or E4 transgenes
-----------------------------------------------------------------------------------

The titers show amounts of infections virus particles produced by the vectors growing in the 293 cells, while expression levels are also important for the vector. The amounts of the produced gene products being influenced by the position of an identical expression unit on the cell chromosomes is referred to as the 'position effect\' of gene expression.^[@bib13],\ [@bib14]^ To examine whether identical transgenes inserted into vector genomes are influenced or not by the 'position effect,\' we infected the HuH-7 cells with the same numbers of active vector particles^[@bib16]^ expressing GFP under the control of the EF1α promoter at multiplicity of infection (MOI) 3 and 10 and measured the amounts of GFP mRNAs by qPCR ([Figure 5a](#fig5){ref-type="fig"}).

E1L and E1R vectors expressed much more GFP mRNA than the other three vectors, that is, the E3L, E4L and E4R vectors, both at MOI 3 and MOI 10 (bars 2 and 3 to 4, 6 and 7; bars 8 and 9 to 10, 12 and 13). In regard to the expression levels of these vectors, the mRNA amounts of the E4 vectors were about one-third of those of the E1 vectors. Similar results were obtained for the vectors expressing LacZ: E1L/R vectors expressed much more LacZ mRNA than all the E3 and E4 vectors, both at MOI 3 and MOI 10 ([Figure 5b](#fig5){ref-type="fig"}, bars 2 and 3 to 4--7; bars 8 and 9 to 10--13). Therefore, similar effects were observed using two different genes. These results might suggest that the position effect observed here was not dependent on the inserted transgene. It should be noted that about as much as a 50-fold more virus stock solution of Z-E3R vector could be needed than that of the Z-E1L vector to obtain the same expression level, because the titer of Z-E3R vector was about one-tenth and the expression level obtained was about one-fifth when the same volume of the virus stock solution is used for infection ([Figure 2a](#fig2){ref-type="fig"}, bars 7 and 10; [Figure 5b](#fig5){ref-type="fig"}, bars 2--5 and 8--11). We also measured the expressed protein levels of GFP and LacZ using fluorometry and β-galactosidase assay, respectively ([Figure 6a and b](#fig6){ref-type="fig"}). The G-E1 vectors produced significantly more GFP than the G-E4 vectors ([Figure 6a](#fig6){ref-type="fig"}, bars 2 and 3 to 6 and 7; bars 8 and 9 to 12 and 13), although the G-E3L vector expressed a similar level to that of the G-E1 vectors (bars 4 and 10). Also, the Z-E1 vectors expressed more LacZ than the Z-E3 and Z-E4 vectors ([Figure 6b](#fig6){ref-type="fig"}, bars 2 and 3 to 4--7; bars 8 and 9 to 10--13). These results in respect of the protein level confirm the mRNA expression levels measured by qPCR shown in [Figure 5a and b](#fig5){ref-type="fig"}.

To examine whether the position effects may also be observed for a tissue-specific promoter and for genes other than GFP and LacZ, the HuH-7 cells were infected with the vector expressing Cre under the control of the AFP promoter and the Cre expression levels were measured. The AFP promoter is specifically active in the HuH-7 cells derived from hepatocarcinoma in contrast to the case in the 293 cells. Because tissue-specific promoters, including the AFP promoter, are generally weak, the expressed Cre mRNA level was too low to measure quantitatively. Therefore, we used the method of 'excisional expression,\' where the Cre enzyme driven by the AFP promoter switched on the potent EF1α promoter and specifically enhanced the expression level of dsRed by about 50-fold^[@bib17]^ (the strategy is shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The results were again very similar to those obtained using the EF1α promoter ([Figure 6a and b](#fig6){ref-type="fig"}): the AFP-E3 and E4 vectors expressed only about a half to one-fifth of dsRed mRNA than the AFP-E1 vectors ([Figure 5c](#fig5){ref-type="fig"}, bars 3 and 4 to 5--8, 9 and 10 to 11--14). Therefore, although the vector titers obtained using the AFP promoter were not influenced by their insertion sites ([Figure 2b](#fig2){ref-type="fig"}), the position effects at the E1, E3 and E4 sites showed very similar patterns to those of the EF1α promoter. Altogether, the E3L/R and E4L/R vectors expressed about two to fivefold less transgene products than the E1L/R vectors, not only when the potent EF1α promoter was used, but also when the tissue-specific AFP promoter was used, suggesting there may be a mechanism common to these promoters.

To examine whether the position effect of expression observed in the HuH-7 cells may also be observed in other cells, the HeLa cells were infected with the GFP-expressing vectors at MOI 3 and at MOI 10 ([Figure 7a and b](#fig7){ref-type="fig"}). The G-E1L vector expressed a significantly greater amount of mRNA than the G-E3 and G-E4 vectors ([Figure 7a](#fig7){ref-type="fig"}, bars 2 to 4, 6 and 7; bars 8 to 10, 12 and 13). However, the mRNA level of the E1R vector was not significantly different from those of the E3 and E4 vectors, because the expressed mRNA level of the E1R was lower than that of the E1L (bars 3 to 4, 6 and 7; bars 9 to 10, 12 and 13). Similar results were obtained using GFP fluorometry: the G-E1L vector exhibited significantly more fluorescence than the other G-E3 and G-E4 vectors ([Figure 7b](#fig7){ref-type="fig"}, bars 2 to 4, 6 and 7), whereas the E1R vector expression was not statistically significant (bars 3 to 4, 6 and 7). These results were confirmed by fluorescence microscopy ([Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}). Moreover, the same results were obtained using the CV-1 cell line derived from monkey fibroblasts ([Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}). Therefore, very similar position effect among the E1, E3 and E4 insertion sites are obtained at least for the G-E1L vector.

Discussion
==========

We demonstrated in this study that the inserted sites and orientations for a given transgene greatly influenced the vector titers and expression levels. Especially, when the transgene was inserted in E3R, the GFP-expressing vector could not be obtained and the LacZ-expressing vector titer was extremely low. Also, the titer of E3L AdV was lower than that of E1L AdV. Because the aberrantly spliced mRNAs from the transgenes to a viral gene have been reported for the E1R site/orientation^[@bib15]^ (described below), and similar aberrant splicing might have occurred for E4L site/orientation in the same mechanism. Therefore, considering the titers, aberrant splicing and expression levels, E1L and E4R sites/orientations were preferable for the main target gene and the second gene, respectively, in the simultaneous expression. As for the titer, the information might be useful not only for FG AdVs but also for the replication-competent AdVs containing E1A gene under the control of a cancer-specific promoter, because they both are prepared using the 293 cells.

We have demonstrated that the vectors containing transgene at E1L/R showed higher titers and expression levels than other vectors. E1L/R is the most frequently used, probably because the E1 site is required or convenient for the major methods of AdV construction which are now commonly used.^[@bib18],\ [@bib19],\ [@bib20]^ For example, for the method established by the Graham\'s group, the use of the E1 site is essential because it exploits the viral packaging sequences partially overlapping with the E1 region. Consequently, we think that the E1 site, found to be the best in this work, might have been chosen in the currently popular methods. However, there seems to be one concern with E1R: aberrant splicing has been reported to occur to viral pIX gene from the cryptic donors present not only in the LacZ gene but also in the herpes thymidine-kinase (TK) gene, which is used for positron emission tomography as a reporter gene and for suicide gene therapy. Consequently, TK-pIX and LacZ-pIX fusion proteins were produced, and the pIX protein evokes strong immune responses.^[@bib15]^ For this reason, we always adopt the leftward orientation for the E1 site.

Currently, in the simultaneous expression of the target gene and the reporter gene, the E3 sites are mostly employed for the reporter gene.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25]^ However, as described here, when the LacZ-expressing transgene driven by the EF1α promoter was inserted at E3R, the vector titer and expression level were very low, probably because of the aberrant splicing, and the G-E3R AdV could not be obtained. In our experiences, the E3R AdV containing GFP gene driven by SRα promoter^[@bib26]^ could also not be obtained. In contrast, however, the E3R AdV containing GFP driven by CMV promoter could be obtained. The reason of such difference is unclear, but it might be related to the fact that both EF1α and SRα promoters contain the splicing unit including the splicing acceptor site in their promoters, which might produce the aberrant mRNA spliced from the MLP donor, but the CMV promoter contain no splicing unit. Because aberrant splicing was detected even at E3L, both E3R and E3L were problematic and to be avoided, if possible.

The E4 site has not frequently been used.^[@bib17],\ [@bib19],\ [@bib27],\ [@bib28],\ [@bib29]^ The E4 insertion position, *Sna*BI site, is located 162 nucleotides (nt) from the right end of the AdV genome. Vectors containing a transgene at the E4 site showed high titers, although their expression levels were lower than those of the E1 vectors. The titers and expression levels do not significantly differ between E4L and E4R vectors. However, the E4L might produce aberrantly spliced mRNAs as observed for the E3L/R. The E4R site/orientation was successfully used as the position of the second transgene^[@bib17]^ where Cre was expressed under the control of the AFP promoter. The expressed Cre turned on the potent promoter present at the E1L and the high-level expression of the target gene was obtained, while maintaining strict sepecificity. Interestingly, it was also recently reported that the E4L, not the E4R, is better than the E1 site for short hairpin RNA expression.^[@bib27]^ The difference may be related to the use of the RNA polymerase III promoter for the short hairpin RNA production, whereas the polymerase II promoter is used for the protein production. If so, the E4L may be advantageous not only for the production of short hairpin RNA, but also of guide RNAs used for the CRISPR/Cas9 system.^[@bib30],\ [@bib31]^ The reported results might not contradict with the results described here, because the RNA polymerase III expression is not involved with splicing.

Altogether, therefore, the E1L and E4R sites/orientations appear to be the best for use in AdVs for the simultaneous expression of the target gene and reporter gene, respectively. Importantly, the occurrence of aberrant splicing sometimes yields a viral-transgene fusion protein, which may induce strong immune responses caused by the viral encoding region.^[@bib15]^ The probability is one-third to coincide the coding frame of the transgene with that of the viral gene. The coding regions of the four aberrant mRNAs described in this report were, by chance, connected out-of-frame, yielding no transgene-fusion protein, but only a truncated LacZ protein composed of several amino acids. However, in a previous study,^[@bib15]^ LacZ-pIX and TK-pIX fusion proteins were produced under the control of potent promoters. Thus, the production of such fusion proteins by aberrant splicing is not a rare event.

In general, use of the same promoter may cause troubles by the homologous recombination in the simultaneous recombination. We have experienced that, when the identical promoters in the E1L and E4R sites/orientations were applied, a rearrangement through the homologous recombination occurred, whereas the AdVs in the E1L and E4L was stable. Therefore, use of different promoters would be preferable.

The harmful aberrant splicing can be avoided using the technique described herein. The aberrant splicing can be identified by PCR analysis as reported here. The preferred sequences of the splicing donor site are AGGT/AAGT (slash denotes the exon-intron junction), where the underlined GT dinucleotides are definitely required for splicing. Nucleotide mutations of these sequences, especially the GT nucleotides, can be introduced without changing the amino acid encoded by the therapeutic gene, and successful disruption of the aberrant splicing can be easily confirmed by a subsequent PCR using the same primer set. As an example, the change from T to C, G or T (Gly) in the aberrant splicing present in the TK gene removes the splicing while keeping the amino acid sequence intact, and this mutated TK gene is expected to be safer than the original TK gene for suicide gene therapy and for positron emission tomography analyses using TK gene as a reporter.

The results described here demonstrated that position effects were evident for the expression of transgenes present on the AdV genome. The mechanisms of the position effect in the AdV genome are unknown. We think that viral enhancers, silencers or other *cis*-acting sequences near to the foreign transgene promoter might influence its expression. It might be related to the fact that similar results were obtained for a strong EF1α promoter and a cancer-specific AFP promoter. In contrast to the expression levels, the vector titers were probably not influenced by the position of the transgene, because similar and high titers were obtained using a tissue-specific promoter, which does not produce the transgene mRNA in the 293 cells ([Figure 2b](#fig2){ref-type="fig"}). The results might suggest that the vector titers were mainly influenced by the combination of a strong promoter and aberrant splicing between the transgene and viral genes ([Figure 2a](#fig2){ref-type="fig"}). These results are probably valuable for efficient and safe gene therapy using FG AdVs.

In this work, the range of the E3 deletion is between two *Xba*I sites in the E3 region (nt position 28,592--30,470). Because the lengths of the E3 deletions are slightly different among the commercially available AdV construction kits, the differences might influence the results obtained here. We surmise that these differences might not influence the conclusion described here as far as the same transgene is used, because the same splicing event is essentially expected to occur by the same mechanism. However, the possibility cannot be ruled out.

The cassette plasmids (also used as cosmids) are available on request in a collaboration basis, which bear the full-length AdV genome containing the unique *Swa*I site at the E1 site and the unique *Cla*I site at the E4 site (pAxw4cit2) and that inversely containing the *Cla*I site at the E1 site and *Swa*I at the E4 site (pAxc4wit2). The method to insert a transgene into these sites is described in the Materials and Methods section.

Materials and methods
=====================

Cells and virus titration
-------------------------

Human 293,^[@bib32]^ HeLa and HuH-7 cell lines are derived from the human embryonic kidney, human cervical carcinoma and human hepatocellular carcinoma, respectively. The CV-1 cell line is derived from African green monkey kidney. The cells were cultured in Dulbecco\'s Modified Eagles Medium supplemented with 10% fetal calf serum. The 293 cells constitutively express adenoviral E1 genes and support the replication of E1-substituted AdVs. After infection with AdVs, the cells were maintained in Dulbecco\'s Modified Eagles Medium supplemented with 5% fetal calf serum without geneticin. FG AdVs were titrated using the method described by Pei *et al.*^[@bib16]^ Briefly, the copy numbers of a viral genome that was successfully transduced into the infected target cells were measured by real-time PCR (relative virus titer). HuH-7 cells were used as the target cells. The titer of the standard virus was determined using the copy number of serially diluted plasmid DNA. When FG AdVs are used, the relative virus titer (copies per ml) normally corresponds to about one-fifth of the Tissue Culture Infectious Dose 50 titer, when the gene product is not deleterious; the probable reason for this difference is that the transduction efficiency of the 293 cells is exceptionally high as compared with that of the other cells. The sequences of the TaqMan probes for the titration are derived from adenovirus-5 (Ad5) pIX gene: forward primer, 5′-TGTGATGGGCTCCAGCATT-3′ probe, 5′-ATGGTCGCCCCGTCCTGCC-3′ reverse primer, 5′-TCGTAGGTCAAGGTAGTAGAGTTTGC-3′.

Vector construction
-------------------

All the AdVs described here were constructed using the cosmid cassette pAxcwit2 containing the full-length AdV genome.^[@bib19],\ [@bib33]^ The GFP/LacZ-expression unit were under the control of the EF1α promoter^[@bib34]^ and the Cre-expression unit was driven by the AFP promoter; the AFP promoter used here was the (AB) 2S6 AFP promoter.^[@bib35]^ All the expression units were inserted into the *Swa*I cloning site at the E1 substitution region as E1L or R vectors. All the E3L and E3R vectors possessed the same expression units at the *Xba*I site in the E3 region of pAxcwit2; the *Xba*I site is originally generated by deletion between the two *Xba*I sites in the Ad5 genome (nt position 28,592-30,470). The E4 cloning site represented by the *Sna*BI site (nt position 35770) located in the E4 region at 165-nt downstream from the right end of the Ad5 genome.^[@bib17]^

Conventional PCR
----------------

The PCR experiments were essentially performed by the standard method.^[@bib36]^ Typically, the 293 cells in the 6-well plate were infected at MOI 5 and 16 h post infection, total RNAs were prepared and reverse-transcribed using oligo(dT) primer; the resultant cDNAs were amplified by PCR with Tks Gflex DNA polymerase (Takara Bio, Shiga, Japan) and a PCR system (ProFlex PCR system, Applied Biosystems, Foster City, CA, USA). The PCR cycling conditions were in accordance with the manufacturer\'s protocol (Takara Bio): 94 °C for 1 min, followed by 30 cycles at 98 °C for 10 s, 60 °C for 15 s, and 68 °C for 30 s. The primer sets are described in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. The PCR products containing each splice junction were subjected to agarose gel electrophoresis.

Quantitative real-time PCR
--------------------------

The sequences of the GFP primers and the dsRed primers have been described previously.^[@bib17],\ [@bib37]^ The sequences of the LacZ primers were as follows: forward primer, 5′-ATCAGGATATGTGGCGGATGA-3′ probe, 5′-CGGCATTTTCCGTGACGTCT-3′ reverse primer, 5′-TGATTTGTGTAGTCGGTTTATGCA-3′. The primer sequences of the normal splicing junctions of MLP-fiber and MLP-hexon were as follows: for MLP-fiber detection forward primer in MLP third exon, 5′-AAAGGCGTCTAACCAGTCACAGT-3′ probe in the fiber gene, 5′-AGCGCGAAGACCGTCTGAAGATACC-3′ reverse in the fiber gene, 5′-CCGCTTTCCGTGTCATATGG-3′ and for MLP-hexon detection forward primer in MLP third exon, 5′-TCTAACCAGTCACAGTCGCAAGA-3′ probe in the hexon gene, 5′-CGCGCCCGCTTTCCAAGATG-3′ reverse in the hexon gene, 5′-CACTGCGGCATCATCGAA-3′.

The mRNA levels were calculated as described by Maekawa *et al.*^[@bib37]^ Briefly, the total RNA of the infected cells was extracted, and the amounts of the expressed target RNAs and 18S-rRNA (correction standard) were quantified using reverse transcription (TaqMan Reverse Transcription Reagents, Roche, Basel, Switzerland) and real-time PCR (Applied Biosystems Prism 7000); the ratio of the target RNA to 18S-rRNA was then calculated. To quantify the AdV genome, the infected total cell DNA was prepared from the cells using a previously described method^[@bib29],\ [@bib38]^ or a DNA preparation kit (Macherey-Nagel, through Takara Bio). Quantitative PCR was performed to detect the AdV genome using a probe for the pIX gene, as described above.^[@bib17]^ The amount of chromosomal DNA was simultaneously measured to correct the Ct values of the viral genome per cell, and the corrected Ct is shown throughout. The probes were derived from the sequence of the human β-actin gene for the HeLa and HuH7 cell lines. The qPCR reaction was performed using the following cycling conditions according to the manufacturer\'s protocol (Applied BioSystems): 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.

Measurement of the expressed GFP and LacZ
-----------------------------------------

The HuH-7, HeLa and CV1 cells were infected at MOI 3 or MOI 10 of each vector in a 24-well plate in triplicated experiments. Three days after the infection, the infected cells were washed twice with phosphate-buffered saline.The cells in the three wells were then fixed with 4% paraformaldehyde to quantify the GFP fluorescence using Labsystems Fluoroskan Ascent FL (GMI, Ramsey, MN, USA) or by fluorescence microscopy. The cells infected with the LacZ vectors were harvested for the quantification of β-galactosidase (β-gal) (β-gal assay kit, Invitrogen, Carlsbad, CA, USA). To quantify the β-gal activity, the infected cells were disrupted by sonication and the lysate was subjected to a color reaction assay using o-Nitrophenyl β-D-galactopyranoside. The stained color standard was determined using 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal).

Insertion of a transgene into the cassette plasmid (cosmid) containing both the E1 and E4 sites
-----------------------------------------------------------------------------------------------

The method of inserting a given transgene into the *Swa*I site of pAxw4cit2 and pAxc4wit2 is followed by the protocol of Takara Bio (Adenovirus Dual Expression Kit). Briefly, the plasmid containing the transgene DNA fragment is treated with the appropriate restriction enzymes and treated with the DNA polymerase I Klenow fragment, followed by agarose gel electrophoresis. The isolated transgene fragment of about 50 ng is ligated with 1--2 μg of the cassette cosmid at a volume of 15 μl at 15 °C for overnight. The ligated DNA is cleaved with *Swa*I to remove the self-ligated parent plasmid, and then transformation or lambda *in vitro* packaging is performed. The latter method is highly efficient and removes the deleted plasmids smaller than 38 kb. To insert a given transgene DNA to the *Cla*I site, the DNA fragment is treated with the Klenow polymerase and ligated with a DNA linker of *Bsp*T104I (Takara Bio, reaction temperature is 37 °C) or *Bst*BI (New England Biolabs, Ipswich, MA, USA, 65 °C), 5′-GG[TTCGAA]{.ul}CC-3′ (the underline shows the recognition sequences), for example, and digested with either enzyme. Because the termini produced with this enzyme can be ligated with *Cla*I-cleaved DNA and the ligated DNA cannot be cleaved with either enzyme. Therefore, after ligation of the transgene and *Cla*I-cleaved cassette, the self-ligated parent plasmid can be removed by *Cla*I digestion. Alternatively, both *Swa*I and *Cla*I sites can be converted to I-*Ceu*I, I-*Sse*I or both by insertion of the cleavage-site oligonucleotides.
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![The FG AdV structures of six different site/orientations in all possible combinations. The box containing 'pro,\' 'gene\' and 'pA\' represents the expression unit and the arrows show the orientation of transcription. 'pro,\' EF1α and AFP promoter; gene, GFP, LacZ and Cre; pA, rabbit β-globin polyadenylation signal. For example, the vector containing the transgene at the E1 insertion site and in the left orientation is denoted as 'E1L.\'](gt2014124f1){#fig1}

![Titers of the virus vectors containing identical expression units. (**a**) Virus titers of the AdVs containing the EF1α promoter. The AdV genomes transduced into the HuH-7 cells were measured 3 days post infection. The virus titers were calculated relative to the copy numbers of the AdVs.^[@bib16]^ The titer of the E1L vector was set as 1; G-E1L, 8.3 × 10^8^ relative virus titer (rVT)/ml, L-E1L, 5.0 × 10^9^ rVT/ml. ' × \' indicates that G-E3R could not be obtained. (**b**) The titers of the virus vector containing Cre gene driven by the AFP promoter. E1L vector was used as the control. \**P*\<0.05, \*\**P*\<0.01.](gt2014124f2){#fig2}

![Structures of aberrant chimeric mRNAs. (**a**) Schematic representation of the aberrantly spliced mRNA and the expression unit in the E3 region. The LacZ expression units in the E3 region are shown. Aberrant mRNAs are shown in red. The bold lines and thin polygonal lines represent the exon and intron of the transcript, respectively. Arrow, orientation of the transcription; EF, EF1α promoter; LacZ, LacZ DNA. The 'parent\' denotes the vectors before the insertion into the E3. 'LacZ-fiber,\' 'MLP-EF,\' 'LacZ-E2A\' and 'E4-EF\' indicate combinations of primers for detection of the chimeric mRNAs. (**b**) Detection of aberrant splicing by PCR. The 293 cells were infected with the Z-E3L and Z-E3R vectors, as indicated. The bands are generated from the chimera-specific mRNA between the viral gene and the inserted transgene. The primer sequences are shown in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. M, size maker; -, no DNA. (**c**) Specificity of the aberrant splicing. The 293 cells were infected with either Z-E3L or Z-E3R. The splicing from the MLP to hexon was used as the control. The bands of LacZ-fiber and MLP-EF in Z-E3R are the same as those described in (**b**) (0.7 and 1.2 kb, respectively). These bands were not detected in Z-E3L (lanes 3 and 1); threefold more DNA was loaded in lane 3 than in lane 1 to clearly show the semi-quantitative difference in the amount of cDNA. mock, mock infection of the 293 cells.](gt2014124f3){#fig3}

![The relative levels of fiber mRNAs. The 293 cells were infected with the Z-E1L, Z-E3L and Z-E3R at MOI 5. (**a**) PCR detection of the fiber and hexon mRNAs. '0, -1, -2 and -3\' mean '10^0^, 10^-1^, 10^-2^ and 10^-3^ dilution of the cDNAs\', respectively. M, size marker; mock, mock infection of 293 cells. (**b**) The quantities of the fiber and hexon mRNAs determined by qPCR. Amount of fiber mRNA relative to those of each hexon and Z-E1L fiber are regarded as 100%. *n*=3; means±s.d. \*\* *P*\<0.01.](gt2014124f4){#fig4}

![Expression levels of the transgene mRNA in the infected HuH-7 cells. The mRNA levels are shown relative to the mRNA level of the transgene in E1L-infected cells set as 1. (**a**) GFP mRNA levels. The cells were infected with the EF-GFP AdVs at the indicated MOIs. The GFP mRNA levels were quantified by qPCR, *n*=3. (**b**) LacZ mRNA levels. The cells were infected with the EF-LacZ AdVs. LacZ mRNA levels are shown in the same manner as that described in (**a**), *n*=4. (**c**) Cre mRNAs levels. The cells were co-infected with the AFP-Cre AdVs (switch vectors) and a target vector which expressed dsRed by Cre-mediated recombination (excisional expression). The dsRed mRNA levels were quantified in the same manner as that described in (**a**), *n*=6. Error bars indicate mean±s.d; mock, HuH-7 cells without infection; target, HuH-7 cells infected with the target vector only; \**P*\<0.05, \*\* *P*\<0.01. The other representations are the same as those in [Figure 1](#fig1){ref-type="fig"}.](gt2014124f5){#fig5}

![Protein expression levels in the infected HuH-7 cells. (**a**) Fluorescence of GFP. The cells were infected with the EF-GFP AdVs at the indicated MOIs. The fluorescence of GFP was quantified by Ascent fluorometry. The fluorescences are shown relative to the fluorescence level in E1L-infected cells set as 1, *n*=4. (**b**) Activities of β-galactosidase. The cells were infected with the EF-LacZ AdVs. β-galactosidase activities were evaluated by the β-gal assay, *n*=3. Error bars represent ±s.d.; mock, mock infection of HuH-7 cells; \**P*\<0.05, \*\**P*\<0.01. The other representations are the same as those in [Figure 1](#fig1){ref-type="fig"}.](gt2014124f6){#fig6}

![Expression levels of the transgene mRNA and protein in the infected HeLa cells. (**a**) GFP mRNA levels. The HeLa cells were infected with the EF-GFP AdVs at the indicated MOIs. The other representations are the same as those in [Figure 4a](#fig4){ref-type="fig"}, *n*=3. (**b**) Fluorescence of GFP. The HeLa cells were infected with EF-GFP AdVs at MOI 3. The other representations are the same as those in [Figure 5a](#fig5){ref-type="fig"}, *n*=4. Error bars indicate mean±s.d.; mock, mock infection of HeLa cells; \**P*\<0.05, \*\**P*\<0.01.](gt2014124f7){#fig7}

[^1]: Current address: CDM (Contract Development & Manufacturing) center, Takara Bio Inc., 3-4-1 Seta, Otsu, Shiga, Japan.
